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1. Introduction

Anorexia Nervosa (AN) is an eating disorder characterized by malnutrition (body mass index less
than 18.5 kg/m?), an obsessive fear to gain weight and a disturbed self-body image [1]. Although re-
covery is expected in one half of AN patients after 10 years, chronic symptoms and somatic compli-
cations will occur in the other half. Psychiatric disorders complications such as anxiety or depression
are frequent [2]. Fortunately, the mortality after 10 years has declined from earlier reports of over 10%
[3], to 1-5% in more recent series [4], which still highlights the severity of the disease. The lack of
prevention, late diagnosis and insufficient therapeutic tools lead to high AN morbi-mortality. More-
over, a better understanding of its complex and multifactorial pathophysiology is needed. Activity-
based anorexia (ABA) is a well established animal model mimicking alterations observed in AN, self-
food restriction associated with increased physical activity, and altered behaviour [5]. Dysregulation
of gut-brain axis involving central alterations of hypothalamic-pituitary-adrenal (HPA) axis, neuro-
transmission, food intake regulation, and peripheral alterations of gut barrier, gut microbiota, immune
system, seems to play a key role in AN pathophysiology [6] (Fig. 1). Conventional therapeutic strategies
integrate nutritional and psychological supports, while programmed physical activity arouses growing
interest [7]. Indeed, programmed physical activity may reduce psychiatric symptoms, i.e. depression,
anxiety [8], and improve body composition restoration through an increase of lean mass, and a better
body distribution of fat mass [7].

After reporting the central and peripheral alterations observed during AN, we review here the
potential effects of physical activity on gut-brain axis during refeeding, and propose future combined
strategies for AN treatment.

2. Dysregulation of gut-brain axis in anorexia nervosa
2.1. Central alterations

2.1.1. HPA axis activation

Activation of the HPA axis through high plasmatic levels of cortisol and corticotrophin-releasing
factor (CRF) have been observed in AN patients [9], and decreased after treatment [10]. Recently,
Scharner et al. reported activation of CRF in distinct brain nuclei, in female ABA mice [11]. Intra-
cerebroventricular administration of a CRF antagonist attenuated the development of ABA, in a pre-
vious study [12]. Thus, the increase of CRF signalling seems to play a pathogenetic role in the
development and/or maintenance of AN [13].
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Fig. 1. Dysregulation of gut-brain axis in anorexia nervosa. Pathophysiology of anorexia nervosa involves central alterations of
hypothalamic-pituitary-adrenal (HPA) axis, neurotransmission, food intake regulation, and peripheral alterations of gut barrier, gut
microbiota and immune system. Many actors can modulate gut-brain axis including nervous (vagus, enteric nervous system), im-
mune (cytokines), endocrine (cortisol), short-chain fatty acids (SCFAs), tryptophan-kynurenine metabolites (TRP-KYN).

2.1.2. Tryptophan metabolism

Dysfunction of central monoaminergic systems has also been reported in AN. Low plasmatic con-
centrations of serotonin and its precursor, tryptophan (TRP), have been observed in AN patients [14].
Serotonin plays a major role in the regulation of behaviour, emotions and also in gastrointestinal
motility [15]. In central and peripheral (liver, muscle, intestine) tissues, TRP is also metabolized by
Indolamine-2,3-dioxygénase (IDO) and Tryptophane dioxygenase (TDO) enzymes into Kynurenine
(KYN) which is the precursor of both neuroprotective kynurenic acid (KYNA) and neurotoxic quinolinic
acid (QA) by Kynurenine aminotransferase (KATs) and Kynurenine-3-monooxygenase (KMO) enzymes,
respectively [16]. TRP-KYN metabolism arouses growing interest in the study of neuropsychiatric
disorders, anxiety and depression [15]. Low KYNA/KYN plasma ratios are associated with depression
and anxiety. Moreover, dysfunction of TRP-KYN metabolism has been also involved in AN patho-
physiology [14,17]. Interestingly, activation of HPA axis, increased plasmatic cortisol and inflammation
are known to activate TRP-KYN metabolism, leading to little available TRP for serotonin synthesis,
resulting in psychiatric (anxiety, depression) and gastrointestinal disorders (Fig. 2). During refeeding in
AN patients, Gauthier et al. reported that anxiety/depression symptoms were correlated both to the
ratio TRP/total amino acids and the plasmatic serotonin levels [14].

2.1.3. Central food intake regulation

Stress plays an important role in the AN pathophysiology. It has been reported to be involved in
dysfunction of central food intake regulation through the production of auto-antibodies directed
against neuropeptides, such as the anorexigenic o-melanocyte-stimulating-hormone (a-MSH)
[18—20]. Recently, structural homologies have been reported between a-MSH and an intestinal bac-
terial protein secreted by Escherichia coli, ClpB [21], which activates satiety pathway in rats [22]. These
findings suggest a role of gut microbiota composition in AN pathophysiology.

2.14. Reward system
Neurobiological evidences suggest that alterations of the reward system are involved in the path-
ophysiology of AN [23]. Structural and functional dysfunctions of brain regions involved in the reward
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Fig. 2. The role of stress in anorexia nervosa pathophysiology. Activation of HPA axis, increased plasmatic cortisol and inflammation
are known to activate TRP-KYN metabolism, leading to little available TRP for serotonin synthesis, resulting in mood (anxiety,
depression) and gastrointestinal disorders. HPA: hypothalamic-pituitary-adrenal, CRH: corticotrophin-releasing hormone, ACTH:
adrenocorticotropin hormone, TRP: tryptophan, KYN: kynurenine, 5-HT: serotonin, KYNA: kynurenic acid, QA: quinolinic acid, TDO:
tryptophane dioxygénase, IDO: indolamine-2,3-dioxygénase, KAT: kynurenine aminotransferase.

system, i.e. from the ventral tegmental area to the nucleus accumbens, have been reported both in ABA
model [24] and also in AN patients [6]. Alteration of dopamine neuronal activity may explain the lack of
pleasure during feeding in AN patients. Moreover, it has been hypothesized that AN patients exhibit an
addiction to starvation [25]. Gut-brain axis seems to play a pathophysiological role in the dysfunction
of the reward system in AN. Indeed, to increase food intake and counteract undernutrition, orexigenic
neuropeptides are up-regulated in AN through an adaptive mechanism. Ghrelin, an orexigenic peptide
mostly synthetized by the endocrine cells of the stomach, exerts both peripheral and central effects
including the modulation of the dopaminergic reward system. Ghrelino-resistance has been docu-
mented in AN patients [26]. Data from animal studies suggest that the reward system is targeted by
peripheral ghrelin to influence emotional process associated with food [27]. In AN patients, an altered
impact of ghrelin on the reward system might result in food aversion. However, clinical data are still
lacking to confirm this hypothesis.

2.2. Peripheral alterations

EHaut du formulaire

xposure to psychological, environmental and/or physical stressors either during childhood [28] or
in adults may contribute to HPA axis alterations. These stressors are known to induce changes in gut
microbiota composition and function resulting in a dysbiosis that compromises gastrointestinal
function, and facilitates passage of gut microbes and their metabolites into circulation leading to
inflammation [29].

2.2.1. Gut microbiota

Gut microbiota has been reported to play a role in many metabolic functions, i.e. regulation of body
weight, energy yield from diet, intestinal immune system maturation, insulin secretion [30]. Gut
microbiota also contributes to TRP-KYN metabolism either by producing metabolites, i.e. Indole-3-
aldehyde [31], or by regulating KYN production in intestinal cells [32]. Alterations of gut microbiota
have been associated with depression and anxiety which are frequent in AN patients [33]. Several
studies reported modifications of gut microbiota in AN patients [34,35], as well as in ABA mice [36].
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Moreover, AN patients with dysbiosis exhibited greater anxiety and depression symptoms [37], altered
short chain fatty acid (SCFA) profiles and gastrointestinal symptoms [38]. Refeeding does ameliorate
neither feacal microbiota and SCFA profiles, nor gastrointestinal symptoms [38].

Futhermore, an increase of mucin degrading bacteria (Prevotella) has been reported in ABA mice,
which could lead to alteration in intestinal permeability [36].

2.2.2. Intestinal barrier

Alteration of intestinal barrier has been reported in ABA mice through an increase of colic
permeability associated with a decreased expression of the tight junction protein claudin-1 [5]. To our
knowledge, only one clinical study has evaluated intestinal permeability during AN and reported a
surprising decrease of it [39]. However, some methodological aspects limited this study: patient's body
mass index was not severely low (16.7 kg/m? on average), disease duration was unknown and the
lactulose-mannitol test used explored only the small intestine permeability. Further clinical studies are
needed to evaluate intestinal permeability in AN.

2.2.3. Inflammation

In AN patients, intestinal barrier alterations combined with dysbiosis may lead to bacterial trans-
locations resulting in systemic inflammation. In a recent meta-analysis, AN was associated with a
plasmatic increase of proinflammatory cytokines IL-1 §, IL-6 and TNF-o. [40], which have been reported
to have anorexigenic effects [41—43]. We recently observed an activation of Toll Like Receptor 4 (TLR4)
signalling pathway in colonic epithelial cells and macrophages of female ABA mice, leading to
downstream mucosal cytokine production [44]. Moreover, IL-1B and IL-1R1 were also increased in
hypothalamus, and plasmatic corticosterone also increased. Interestingly, TLR4-Knockout mice
exhibited greater vulnerability to ABA model with increased mortality rate suggesting a key role of
TLR4, and more widely of immune system, in the pathophysiology of AN.

Nowadays, AN patients management is based on nutritional support, psychotherapy, drug
administration to reduce anxiety and/or depression, but a treatment that targets the causal factors of
AN is still lacking. Programmed physical activity needs to be considered as a novel therapeutic tool in
AN management.

3. Potential effects of physical activity during refeeding on gut-brain axis

As reported by a recent meta-analysis, physical activity has protective effects against depression
[45]. In AN patients, few clinical studies assessed the effects of programmed physical activity during
refeeding on psychological status. In 21 AN patients, Szabo et al. reported that 8 weeks of resistance
training resulted in a significant decrease in the Beck Depression Inventory score, a widely used psy-
chometric test for measuring depression severity, from 21.9 + 17.4 to 10.1 + 9.9 [46]. Calogero et al.
observed a reduction in exercise compulsivity and dependence in 63 AN patients who weekly un-
derwent programmed physical activity [47].

Recently, we reported that maintaining physical activity through free-access to a running wheel
during refeeding in male ABA mice was associated with less alterations of behaviour in dark—light
boxes test, compared to ABA mice refed without physical activity. In addition, plasma corticosterone
level was significantly higher in ABA-NPA mice, attesting of an activation of HPA axis, and suggesting an
anxiolytic effect of physical activity during refeeding [48].

The underlying mechanisms have been poorly studied. Modifications of TRP-KYN metabolism have
been proposed to explain beneficial effects of physical activity on behaviour and mood [49]. Accord-
ingly, we reported that mice reefed without physical activity exhibited lower muscle levels of mRNA
encoding for KAT enzymes than mice reefed with physical activity. In addition, higher level of plasma
KYNA was observed in mice reefed with physical activity compared to the others [48], suggesting that
physical activity during refeeding may increase conversion of KYN into KYNA which do not cross
blood—brain barrier. We hypothesize that these central modifications could lead to higher disponibility
of TRP for serotonin synthesis leading to better psychological status. Whether central modifications of
TRP-KYN metabolism could explain beneficial effects of physical activity during refeeding in AN needs
further investigations.
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Few clinical studies reported beneficial impact of physical activity on gut microbiota diversity. In
adult women with active lifestyles, increased fecal Akkermensia muciniphila has been observed
compared with sedentary age-matched women [50]. A. muciniphila has been inversely associated with
obesity, diabetes, cardiometabolic diseases and low-grade inflammation [51]. Likewise, significantly
higher gut microbiota diversity with increased representation of 22 distinct taxa, including A. muci-
niphila, has been reported in rugby athletes compared to sedentary groups matched for age, gender and
body size [52]. Additionally, higher representation of SCFA-producing bacteria has been observed in
athletes compared to sedentary subjects [53,54].

Moreover, in ad libitum male rats with free access to an activity wheel, Queipo-Ortuno et al.
observed a significant increase of Blautia coccoides Eubacterium rectale bacteria group [36]. Inter-
estingly, this specific group involves most of the butyrate-producing bacteria in human gut [55].
Butyrate is a SCFA that has beneficial effects on intestinal barrier integrity by increasing tight
junctions’ assembly [56], mucin synthesis [57], leading to decreased bacteria translocations [58].
Likewise, in a mice model of chronic stress-induced intestinal barrier dysfunction, moderate exercise
maintained intestinal permeability, attenuated bacterial translocations, and increased gene
expression and protein levels of four antimicrobial peptides (alpha-defensin 5, beta-defensin 1, Reg
IlIbeta and Reg Illgamma) [59]. In mice, exercise may also modulate intestinal immune response by
decreasing TNF-o, proinflammatory cytokines (IL-17), and increasing antioxidant enzymes (e.g.
glutathione peroxidase), antiinflammatory cytokines (IL-10), and antiapoptotic proteins (Bcl-2) in
intestinal lymphocytes [60—62].

To our knowledge, no clinical study assessed the effects of programmed physical activity during
refeeding neither on gut microbiota diversity nor intestinal permeability in AN patients. In under-
nourished ABA mice, enhanced colonic permeability has been reported [5]. After refeeding, colonic
permeability was significantly enhanced in ABA-NPA, compared to ABA-PA [48], suggesting a beneficial
effect of physical activity on intestinal barrier integrity.

4. Perspectives: toward new combined strategies?

Programmed physical activity during refeeding in AN patients seems to result in a beneficial impact
on gut-brain axis. But, the synergistic role of nutrients, i.e. whether an unhealthy diet can antagonize
the benefices of physical activity, needs further investigations. Clarke et al. reported previously that the
gut microbiota diversity of rugby athletes was correlated with their dietary protein intake [52].

Moreover, in the future, programmed physical activity should probably be combined with other
new strategies of gut-brain modulations. Probiotics are promising candidates. A. muciniphila alive or
pasteurized has been reported in mice to restore gut barrier function by interacting with TLR2,
restoring tight junction proteins expression, and increasing mucus later thickness [51]. However,
human studies are still needed. Recently, Marin et al. reported that restoring intestinal Lactobacillus
levels improved the behavioral abnormalities in chronically stressed mice displaying despair behaviour
[32]. Interestingly, Lactobacillus administration was associated with the inhibition of the enzyme IDO1
expression. Given IDO1 is responsible of the conversion of TRP into KYN in the intestine, its inhibition
leads to decreased circulating level of KYN. These results suggest the mechanistic role of TRP-KYN
metabolism during nutritional modulations of gut-brain axis.

Likewise, omega-3 fatty acids may also be an interesting candidate for gut-brain axis modulation in
AN. Beneficial effects of omega-3 fatty acids have been reported on intestinal barrier integrity by
decreasing inflammation and intestinal permeability in an animal model of colitis [63]. In addition,
omega-3 fatty acids supplementations have been associated with improvement of depression scores in
randomized clinical studies [64—66]. Few conflicting studies assessed the effects of omega-3 fatty acids
supplementation in AN patients. Ayton et al. reported an improvement of anxiety level in 7 AN patients
after 3 months of supplementation with Eicosapentaenoic acid (EPA) (1 g/day) [67]. Inversely, Bar-
barich et al. observed that 6 months supplementation with combined Docosahexaenoic acid (DHA)
(600 mg/day), TRP (2,3 g/day), arachidonic acid (180 mg/day), and omega-6 fatty acids, in 26 AN pa-
tients did not increase Fluoxetine effects [68]. To our knowledge, no study assessed effects of omega-3
fatty acids on intestinal barrier in AN. Further investigations are still needed to recommend the pre-
scription of this specific nutrient during refeeding in AN.
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Finally, among specific nutrients that could modulate gut-brain axis, glutamine is also an interesting
candidate [69]. This amino acid plays a key role in intestinal barrier integrity by stimulating in vitro
proliferation of enterocytes, in vitro and in vivo intestinal protein synthesis, in vitro restoration of tight
junction protein expression and localisation. Moreover, glutamine supplementation prevented intes-
tinal hyperpermeability in mice model of irritable bowel syndrome. Further research is needed to
identify the central effects of glutamine in AN. Interestingly, Kawase et al. focused recently on the
relationship between the gut microbiota and the brain amino acids in specific pathogen-free (SPF) and
germ-free (GF) mice [70]. L.-glutamine concentrations were higher in SPF than in GF mice both in
plasma and brain. Given glutamine's brain concentration seems to be dependent on the presence of gut
microbiota, nutritional modulations could probably modify central glutamine metabolism. Further
investigations are needed to better understand the effects of this amino acid on gut-brain axis and to
propose it as a new therapeutic tool in AN.

5. Conclusion

AN pathophysiology is complex and multifactorial involving gut-brain axis alterations. As the dis-
ease and undernutrition are entangled, discerning the cause and the consequences is challenging in
clinical practice. Animal studies are thus useful to better understand these mechanisms. During
refeeding, potential beneficial effects of programmed physical activity have been reported. Further
large clinical studies are needed to confirm that programmed physical activity should be considered as
a therapeutic tool in AN. Effect of combined strategies of gut-brain modulations should also be assessed
in AN, including promising candidates, probiotics, glutamine and omega-3 fatty acids.

Conflicts of interest

Authors have no conflict of interest to declare.

References

[1] Battle DE. Diagnostic and statistical manual of mental disorders (dsm). Codas 2013;25(2):191—2.

[2] Hardaway JA, Crowley NA, Bulik CM, Kash TL. Integrated circuits and molecular components for stress and feeding: im-

plications for eating disorders. Genes Brain Behav 2015;14(1):85—97.

Nielsen S, Moller-Madsen S, Isager T, Jorgensen ], Pagsberg K, Theander S. Standardized mortality in eating disorders-a

quantitative summary of previously published and new evidence. ] Psychosom Res 1998;44(3—4):413—34.

Rigaud D, Pennacchio H, Bizeul C, Reveillard V, Verges B. Outcome in an adult patients: a 13-year follow-up in 484 patients.

Diabetes Metab 2011;37(4):305—11.

[5] Jesus P, Ouelaa W, Francois M, Riachy L, Guerin C, Aziz M, et al. Alteration of intestinal barrier function during activity-based

anorexia in mice. Clin Nutr 2014;33(6):1046—53.

Gorwood P, Blanchet-Collet C, Chartrel N, Duclos ], Dechelotte P, Hanachi M, et al. New insights in anorexia nervosa. Front

Neurosci 2016;10:256.

[7] Achamrah N, Coeffier M, Dechelotte P. Physical activity in patients with anorexia nervosa. Nutr Rev 2016;74(5):301—11.

[8] Beaulac J, Carlson A, Boyd R]. Counseling on physical activity to promote mental health: practical guidelines for family

physicians. Can Fam Physician 2011;57(4):399—401.

Monteleone AM, Patriciello G, Ruzzi V, Fico G, Pellegrino F, Castellini G, et al. Insecure attachment and hypothalamus-

pituitary-adrenal axis functioning in people with eating disorders. Psychosom Med 2018;80(8):710—6.

[10] Andries A, Frystyk J, Flyvbjerg A, Stoving RK. Changes in igf-i, urinary free cortisol and adipokines during dronabinol
therapy in anorexia nervosa: results from a randomised, controlled trial. Growth Hormone IGF Res : Off ] Grow Hormone
Res SocInt IGF Res Soc 2015;25(5):247—52.

[11] Scharner S, Friedrich T, Goebel-Stengel M, Kobelt P, Rose M, Stengel A. Activity-based anorexia activates crf immunore-
active neurons in female rats. Neurosci Lett 2018;674:142—7.

[12] Wilhelm CJ, Murphy-Crews A, Menasco DJ, Huckans MS, Loftis JM. Corticotropin releasing factor-1 receptor antagonism
alters the biochemical, but not behavioral effects of repeated interleukin-1beta administration. Neuropharmacology 2012;
62(1):313-21.

[13] Tache Y, Larauche M, Yuan PQ, Million M. Brain and gut crf signaling: biological actions and role in the gastrointestinal
tract. Curr Mol Pharmacol 2018;11(1):51-71.

[14] Gauthier C, Hassler C, Mattar L, Launay JM, Callebert ], Steiger H, et al. Symptoms of depression and anxiety in anorexia
nervosa: links with plasma tryptophan and serotonin metabolism. Psychoneuroendocrinology 2014;39:170-8.

[15] O'Mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF. Serotonin, tryptophan metabolism and the brain-gut-microbiome
axis. Behav Brain Res 2015;277:32—48.

[16] Cervenka I, Agudelo LZ, Ruas JL. Kynurenines: tryptophan's metabolites in exercise, inflammation, and mental health.
Science 2017;(6349):357.

3

[4

6

[9


http://refhub.elsevier.com/S2352-9393(18)30054-X/sref1
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref1
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref2
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref2
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref2
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref3
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref3
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref3
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref3
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref4
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref4
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref4
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref5
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref5
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref5
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref6
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref6
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref7
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref7
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref8
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref8
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref8
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref9
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref9
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref9
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref10
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref10
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref10
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref10
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref11
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref11
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref11
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref12
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref12
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref12
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref12
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref13
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref13
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref13
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref14
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref14
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref14
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref15
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref15
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref15
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref16
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref16

40

[17]
[18]

[19]

[20]
[21]
[22]
[23]
[24]
[25]

[26]
[27]

[28]
[29]
[30]

[31]

[32]
[33]
[34]
[35]

[36]

[37]

[38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
[47]
[48]
[49]

[50]

N. Achamrah et al. / Clinical Nutrition Experimental 28 (2019) 33—41

Demitrack MA, Heyes MP, Altemus M, Pigott TA, Gold PW. Cerebrospinal fluid levels of kynurenine pathway metabolites in
patients with eating disorders: relation to clinical and biochemical variable. Biol Psychiatry 1995;37(8):512—20.
Fetissov SO, Harro ], Jaanisk M, Jarv A, Podar I, Allik ], et al. Autoantibodies against neuropeptides are associated with
psychological traits in eating disorders. Proc Natl Acad Sci U S A 2005;102(41):14865—70.

Karaiskos D, Mavragani CP, Sinno MH, Dechelotte P, Zintzaras E, Skopouli FN, et al. Psychopathological and personality
features in primary sjogren's syndrome-associations with autoantibodies to neuropeptides. Rheumatology 2010;49(9):
1762-9.

Fetissov SO, Dechelotte P. The putative role of neuropeptide autoantibodies in anorexia nervosa. Curr Opin Clin Nutr Metab
Care 2008;11(4):428—34.

Tennoune N, Chan P, Breton J, Legrand R, Chabane YN, Akkermann K, et al. Bacterial clpb heat-shock protein, an antigen-
mimetic of the anorexigenic peptide alpha-msh, at the origin of eating disorders. Transl Psychiatry 2014;4:e458.

Breton ], Tennoune N, Lucas N, Francois M, Legrand R, Jacquemot ], et al. Gut commensal e. Coli proteins activate host
satiety pathways following nutrient-induced bacterial growth. Cell Metabol 2016;23(2):324—34.

Steinglass JE, Foerde K. Reward system abnormalities in anorexia nervosa: navigating a path forward. JAMA Psychiatr
2018;75(10):993—4.

Foldi CJ, Milton LK, Oldfield BJ. The role of mesolimbic reward neurocircuitry in prevention and rescue of the activity-
based anorexia (aba) phenotype in rats. Neuropsychopharmacology 2017;42(12):2292—300.

Clarke J, Ramoz N, Fladung AK, Gorwood P. Higher reward value of starvation imagery in anorexia nervosa and association
with the val66met bdnf polymorphism. Transl Psychiatry 2016;6(6):e829.

Schalla MA, Stengel A. The role of ghrelin in anorexia nervosa. Int J Mol Sci 2018;19(7).

Abizaid A, Liu ZW, Andrews ZB, Shanabrough M, Borok E, Elsworth JD, et al. Ghrelin modulates the activity and synaptic
input organization of midbrain dopamine neurons while promoting appetite. ] Clin Invest 2006;116(12):3229—39.
Monteleone AM, Monteleone P, Serino I, Scognamiglio P, Di Genio M, Maj M. Childhood trauma and cortisol awakening
response in symptomatic patients with anorexia nervosa and bulimia nervosa. Int ] Eat Disord 2015;48(6):615—21.

Karl JP, Hatch AM, Arcidiacono SM, Pearce SC, Pantoja-Feliciano IG, Doherty LA, et al. Effects of psychological, environ-
mental and physical stressors on the gut microbiota. Front Microbiol 2018:9. 2013.

Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism. Nature 2012;489(7415):
242-9.

Lanis JM, Alexeev EE, Curtis VF, Kitzenberg DA, Kao D], Battista KD, et al. Tryptophan metabolite activation of the aryl
hydrocarbon receptor regulates il-10 receptor expression on intestinal epithelia. Mucosal Immunol 2017;10(5):
1133—-44.

Marin IA, Goertz JE, Ren T, Rich SS, Onengut-Gumuscu S, Farber E, et al. Microbiota alteration is associated with the
development of stress-induced despair behavior. Sci Rep 2017;7:43859.

Foster JA, McVey Neufeld KA. Gut-brain axis: how the microbiome influences anxiety and depression. Trends Neurosci
2013;36(5):305—12.

Armougom F, Henry M, Vialettes B, Raccah D, Raoult D. Monitoring bacterial community of human gut microbiota reveals
an increase in lactobacillus in obese patients and methanogens in anorexic patients. PLoS One 2009;4(9):e7125.

Borgo F, Riva A, Benetti A, Casiraghi MC, Bertelli S, Garbossa S, et al. Microbiota in anorexia nervosa: the triangle between
bacterial species, metabolites and psychological tests. PLoS One 2017;12(6):e0179739.

Queipo-Ortuno MI, Seoane LM, Murri M, Pardo M, Gomez-Zumaquero JM, Cardona F, et al. Gut microbiota composition in
male rat models under different nutritional status and physical activity and its association with serum leptin and ghrelin
levels. PLoS One 2013;8(5), e65465.

Kleiman SC, Watson HJ, Bulik-Sullivan EC, Huh EY, Tarantino LM, Bulik CM, et al. The intestinal microbiota in acute
anorexia nervosa and during renourishment: relationship to depression, anxiety, and eating disorder psychopathology.
Psychosom Med 2015;77(9):969—81.

Mack I, Cuntz U, Gramer C, Niedermaier S, Pohl C, Schwiertz A, et al. Weight gain in anorexia nervosa does not ameliorate
the faecal microbiota, branched chain fatty acid profiles, and gastrointestinal complaints. Sci Rep 2016;6:26752.
Monteleone P, Carratu R, Carteni M, Generoso M, Lamberti M, Magistris LD, et al. Intestinal permeability is decreased in
anorexia nervosa. Mol Psychiatr 2004;9(1):76—80.

Solmi M, Veronese N, Favaro A, Santonastaso P, Manzato E, Sergi G. Correll CU: inflammatory cytokines and anorexia
nervosa: a meta-analysis of cross-sectional and longitudinal studies. Psychoneuroendocrinology 2015;51:237—-52.

Inui A. Eating behavior in anorexia nervosa—-an excess of both orexigenic and anorexigenic signalling? Mol Psychiatr 2001;
6(6):620—4.

Laviano A, Meguid MM, Rossi-Fanelli F. Cancer anorexia: clinical implications, pathogenesis, and therapeutic strategies.
Lancet Oncol 2003;4(11):686—94.

Wong S, Pinkney ]. Role of cytokines in regulating feeding behaviour. Curr Drug Targets 2004;5(3):251-63.

Belmonte L, Achamrah N, Nobis S, Guerin C, Riou G, Bole-Feysot C, et al. A role for intestinal tlr4-driven inflammatory
response during activity-based anorexia. Sci Rep 2016;6:35813.

Schuch FB, Vancampfort D, Firth J, Rosenbaum S, Ward PB, Silva ES, et al. Physical activity and incident depression: a meta-
analysis of prospective cohort studies. Am ] Psychiatry 2018 Jul 1;175(7):631—48.

Szabo CP. Green K: hospitalized anorexics and resistance training: impact on body composition and psychological well-
being. A preliminary study. Eat Weight Disord 2002;7(4):293—7.

Calogero RM, Pedrotty KN. The practice and process of healthy exercise: an investigation of the treatment of exercise abuse
in women with eating disorders. Eat Disord 2004;12(4):273—91.

Achamrah N, Nobis S, Breton ], Jesus P, Belmonte L, Maurer B, et al. Maintaining physical activity during refeeding im-
proves body composition, intestinal hyperpermeability and behavior in anorectic mice. Sci Rep 2016:6. 21887.

Agudelo LZ, Femenia T, Orhan F, Porsmyr-Palmertz M, Goiny M, Martinez-Redondo V, et al. Skeletal muscle pgc-1alphal
modulates kynurenine metabolism and mediates resilience to stress-induced depression. Cell 2015;159(1):33—45.
Bressa C, Bailen-Andrino M, Perez-Santiago ], Gonzalez-Soltero R, Perez M, Montalvo-Lominchar MG, et al. Differences in
gut microbiota profile between women with active lifestyle and sedentary women. PLoS One 2017;12(2):e0171352.


http://refhub.elsevier.com/S2352-9393(18)30054-X/sref17
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref17
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref17
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref18
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref18
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref18
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref19
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref19
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref19
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref19
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref20
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref20
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref20
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref21
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref21
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref22
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref22
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref22
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref23
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref23
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref23
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref24
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref24
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref24
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref25
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref25
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref26
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref27
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref27
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref27
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref28
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref28
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref28
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref29
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref29
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref30
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref30
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref30
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref31
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref31
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref31
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref31
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref32
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref32
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref33
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref33
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref33
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref34
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref34
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref35
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref35
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref36
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref36
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref36
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref37
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref37
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref37
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref37
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref38
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref38
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref39
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref39
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref39
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref40
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref40
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref40
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref41
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref41
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref41
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref42
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref42
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref42
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref43
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref43
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref44
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref44
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref45
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref45
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref45
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref46
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref46
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref46
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref47
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref47
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref47
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref48
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref48
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref49
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref49
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref49
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref50
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref50

N. Achamrah et al. / Clinical Nutrition Experimental 28 (2019) 33—41 41

[51] Cani PD, de Vos WM. Next-generation beneficial microbes: the case of akkermansia muciniphila. Front Microbiol 2017;8:

[52]

[53]

[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

[70]

1765.

Clarke SF, Murphy EF, O'Sullivan O, Lucey AJ, Humphreys M, Hogan A, et al. Exercise and associated dietary extremes
impact on gut microbial diversity. Gut 2014;63(12):1913—20.

Barton W, Penney NC, Cronin O, Garcia-Perez I, Molloy MG, Holmes E, et al. The microbiome of professional athletes differs
from that of more sedentary subjects in composition and particularly at the functional metabolic level. Gut 2018;67(4):
625—33.

Petersen LM, Bautista EJ, Nguyen H, Hanson BM, Chen L, Lek SH, et al. Community characteristics of the gut microbiomes
of competitive cyclists. Microbiome 2017;5(1):98.

Barcenilla A, Pryde SE, Martin JC, Duncan SH, Stewart CS, Henderson C, et al. Phylogenetic relationships of butyrate-
producing bacteria from the human gut. Appl Environ Microbiol 2000;66(4):1654—61.

Peng L, Li ZR, Green RS, Holzman IR, Lin ]. Butyrate enhances the intestinal barrier by facilitating tight junction assembly
via activation of amp-activated protein kinase in caco-2 cell monolayers. ] Nutr 2009;139(9):1619—25.

Burger-van Paassen N, Vincent A, Puiman PJ, van der Sluis M, Bouma |, Boehm G, et al. The regulation of intestinal mucin
muc2 expression by short-chain fatty acids: implications for epithelial protection. Biochem ] 2009;420(2):211-9.

Lewis K, Lutgendorff F, Phan V, Soderholm ]JD, Sherman PM, McKay DM. Enhanced translocation of bacteria across
metabolically stressed epithelia is reduced by butyrate. Inflamm Bowel Dis 2010;16(7):1138—48.

Luo B, Xiang D, Nieman DC, Chen P. The effects of moderate exercise on chronic stress-induced intestinal barrier
dysfunction and antimicrobial defense. Brain Behav Immun 2014;39:99—106.

Hoffman-Goetz L, Pervaiz N, Packer N, Guan ]. Freewheel training decreases pro- and increases anti-inflammatory cytokine
expression in mouse intestinal lymphocytes. Brain Behav Immun 2010;24(7):1105—15.

Hoffman-Goetz L, Pervaiz N, Guan J. Voluntary exercise training in mice increases the expression of antioxidant enzymes
and decreases the expression of tnf-alpha in intestinal lymphocytes. Brain Behav Immun 2009;23(4):498—506.

Packer N, Hoffman-Goetz L. Exercise training reduces inflammatory mediators in the intestinal tract of healthy older adult
mice. Canadian journal on aging = La revue canadienne du vieillissement 2012;31(2):161—71.

Zhao ], Shi P, Sun Y, Sun J, Dong JN, Wang HG, et al. Dha protects against experimental colitis in il-10-deficient mice
associated with the modulation of intestinal epithelial barrier function. Br ] Nutr 2015;114(2):181-8.

Su KP, Huang SY, Chiu CC, Shen WW. Omega-3 fatty acids in major depressive disorder. A preliminary double-blind,
placebo-controlled trial. Eur Neuropsychopharmacol 2003;13(4):267—71.

Mischoulon D, Best-Popescu C, Laposata M, Merens W, Murakami JL, Wu SL, et al. A double-blind dose-finding pilot study
of docosahexaenoic acid (dha) for major depressive disorder. Eur Neuropsychopharmacol 2008;18(9):639—45.
Lesperance F, Frasure-Smith N, St-Andre E, Turecki G, Lesperance P, Wisniewski SR. The efficacy of omega-3 supple-
mentation for major depression: a randomized controlled trial. ] Clin Psychiatr 2011;72(8):1054—62.

Ayton AK, Azaz A, Horrobin DF. A pilot open case series of ethyl-epa supplementation in the treatment of anorexia
nervosa. Prostaglandins Leukot Essent Fatty Acids 2004;71(4):205-9.

Barbarich NC, McConaha CW, Halmi KA, Gendall K, Sunday SR, Gaskill J, et al. Use of nutritional supplements to increase
the efficacy of fluoxetine in the treatment of anorexia nervosa. Int J Eat Disord 2004;35(1):10—5.

Achamrah N, Dechelotte P, Coeffier M. Glutamine and the regulation of intestinal permeability: from bench to bedside.
Curr Opin Clin Nutr Metab Care 2017;20(1):86—91.

Kawase T, Nagasawa M, lkeda H, Yasuo S, Koga Y, Furuse M. Gut microbiota of mice putatively modifies amino acid
metabolism in the host brain. Br ] Nutr 2017;117(6):775—83.


http://refhub.elsevier.com/S2352-9393(18)30054-X/sref51
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref51
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref52
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref52
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref52
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref53
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref53
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref53
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref53
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref54
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref54
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref55
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref55
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref55
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref56
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref56
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref56
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref57
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref57
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref57
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref58
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref58
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref58
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref59
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref59
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref59
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref60
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref60
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref60
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref61
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref61
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref61
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref62
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref62
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref62
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref62
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref63
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref63
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref63
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref64
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref64
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref64
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref65
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref65
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref65
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref66
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref66
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref66
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref67
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref67
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref67
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref68
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref68
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref68
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref69
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref69
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref69
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref70
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref70
http://refhub.elsevier.com/S2352-9393(18)30054-X/sref70

	New therapeutic approaches to target gut-brain axis dysfunction during anorexia nervosa
	1. Introduction
	2. Dysregulation of gut-brain axis in anorexia nervosa
	2.1. Central alterations
	2.1.1. HPA axis activation
	2.1.2. Tryptophan metabolism
	2.1.3. Central food intake regulation
	2.1.4. Reward system

	2.2. Peripheral alterations
	2.2.1. Gut microbiota
	2.2.2. Intestinal barrier
	2.2.3. Inflammation


	3. Potential effects of physical activity during refeeding on gut-brain axis
	4. Perspectives: toward new combined strategies?
	5. Conclusion
	Conflicts of interest
	References


